Ghrelin, an octanoylated peptide hormone produced in the stomach, rises dramatically in mouse plasma during chronic severe calorie deprivation, an event that is essential to maintain life. The mechanism for this increase is not understood. Here, we study the control of ghrelin secretion in tissue culture cells derived from mice bearing ghrelinomas induced by a tissue-specific SV40 T-antigen transgene. We found that the ghrelin-secreting cells express high levels of mRNA encoding β 1 -adrenergic receptors. Addition of norepinephrine or epinephrine to the culture medium stimulated ghrelin secretion, and this effect was blocked by atenolol, a selective β 1 -adrenergic antagonist. When WT mice were treated with reserpine to deplete adrenergic neurotransmitters from sympathetic neurons, the fasting-induced increase in plasma ghrelin was blocked. Inhibition was also seen following atenolol administration. We conclude that ghrelin secretion during fasting is induced by adrenergic agents released by sympathetic neurons and acting directly on β 1 receptors on the ghrelinsecreting cells of the stomach. 
Ghrelin, an octanoylated peptide hormone produced in the stomach, rises dramatically in mouse plasma during chronic severe calorie deprivation, an event that is essential to maintain life. The mechanism for this increase is not understood. Here, we study the control of ghrelin secretion in tissue culture cells derived from mice bearing ghrelinomas induced by a tissue-specific SV40 T-antigen transgene. We found that the ghrelin-secreting cells express high levels of mRNA encoding β 1 -adrenergic receptors. Addition of norepinephrine or epinephrine to the culture medium stimulated ghrelin secretion, and this effect was blocked by atenolol, a selective β 1 -adrenergic antagonist. When WT mice were treated with reserpine to deplete adrenergic neurotransmitters from sympathetic neurons, the fasting-induced increase in plasma ghrelin was blocked. Inhibition was also seen following atenolol administration. We conclude that ghrelin secretion during fasting is induced by adrenergic agents released by sympathetic neurons and acting directly on β 1 receptors on the ghrelinsecreting cells of the stomach. hrelin, an octanoylated peptide hormone, is secreted by a highly specialized population of cells in stomach epithelium (1) . Secretion is tightly regulated in response to circadian rhythms, food ingestion, stress, and other factors. Plasma ghrelin concentrations rise dramatically before meals and decline immediately after eating commences (2) (3) (4) . Once released, ghrelin reaches the pituitary, where it binds to its receptor and stimulates the secretion of growth hormone. Ghrelin receptors are also located in several other central nervous system sites, including many known to be involved with body weight determination (1, 5) . Administration of excess ghrelin leads to increased food intake in rodents and humans. Therefore, ghrelin has been considered to be an important factor in regulating food intake (1, 6) .
In contrast to the unequivocal appetite-stimulating effect of excess ghrelin, deficiency of the hormone has little or no effect on food intake. Genetically engineered mice lacking ghrelin or its receptor gain nearly the same amount of weight as normal mice, except when the animals are placed on high-calorie diets early in life (7) (8) (9) (10) . Although ghrelin is not essential for food intake in mice, it is required for certain food reward behaviors that occur in the setting of chronic calorie restriction (11) . Ghrelin is also essential in mice to prevent hypoglycemia and death when the animals are subjected to severe calorie restriction. The latter function of ghrelin became apparent in studies of genetically engineered mice that lack the gene encoding ghrelin O-acyltransferase (GOAT), the enzyme that attaches octanoate to ghrelin, a reaction that is essential for the biological activity of the hormone (12) .
GOAT-deficient mice (Goat
) were unable to produce any active ghrelin, although they did secrete normal or even excess amounts of des-acyl ghrelin (12) . When subjected to severe calorie restriction (daily intake of 40% of normal calories), WT and Goat −/− mice lost about 30% of body weight and 60% of adipose tissue mass over 3 d. Fasting blood glucose levels dropped to ≈60 mg/dL in both lines. Thereafter, in WT mice, blood glucose stabilized in this range and the mice exhibited normal behavior for the next 4 d. In Goat −/− mice, the blood sugar never stabilized. It reached levels of 12-36 mg/dL after 7 d, and the mice became moribund. In WT mice, glucose stabilization was associated with a progressive rise in plasma ghrelin levels and a consequent rise in plasma growth hormone. In Goat −/− mice, ghrelin remained undetectable and a consequent rise in growth hormone was blunted. Infusion of ghrelin or growth hormone into the calorie-restricted Goat −/− mice restored blood glucose to the same levels seen in WT mice and prevented death (12) .
The studies in the Goat −/− mice highlighted the protective role of ghrelin in preventing hypoglycemia and death during periods of famine. The question arises as to the mechanism by which ghrelin secretion is regulated. Previous studies have shown that ghrelin secretion increases when sympathetic nerves are stimulated artificially (13) or when adrenergic hormones are infused locally into the stomach lining (14) . The mechanism by which adrenergic stimulation enhances ghrelin secretion is not known.
Direct study of ghrelin secretion in isolated cells is difficult because these cells account for less than 1% of cells in the gastric epithelium (1, 15) . To circumvent this problem, in the current studies, we produced ghrelin-secreting gastric and pancreatic tumors in mice through the use of a transgene encoding SV40 T-antigen under control of the preproghrelin promoter. From the tumors, we established permanent tissue culture cell lines that secrete ghrelin constitutively. In these cells, ghrelin secretion was stimulated by the adrenergic agents norepinephrine and epinephrine and inhibited by atenolol, a selective antagonist of the β 1 class of adrenergic receptors (16) . The mRNA for the β 1 receptor was increased several hundred fold in the tumor cells as compared with the level in mRNA prepared from total stomach. Administration of reserpine or atenolol to mice prevented the fasting-induced increase in plasma ghrelin levels. We conclude that fasting-induced ghrelin secretion is mediated via the sympathetic nervous system acting through the β 1 -adrenergic receptor.
Results
Generation of Mice with Ghrelinomas in Stomach and Pancreas. Fig.  S1A shows the schematic of the construct used to generate transgenic mice that express SV40 large T-antigen in ghrelin cells (hereafter referred to as TgGhrelin-SV40-T). This construct was generated by BAC engineering, such that the SV40 T-antigen coding region was inserted immediately downstream of the start codon of preproghrelin, thereby allowing both the transcription and translation of SV40 T-antigen to be controlled by preproghrelin regulatory elements. The modified BAC was used to generate four independent lines of TgGhrelin-SV40-T mice. At 13-14 wk of age, in all transgenic mice, expression of SV40 T-antigen was highest in the stomach, where levels were more than 500-fold higher than those in the intestine and pancreas. All studies in this report were carried out in line H7. Identical findings were obtained in studies of line H2.
The levels of plasma ghrelin and des-acyl ghrelin rose progressively with age in TgGhrelin-SV40-T mice (Fig. S1 B and C) . When measured at 20 wk of age in ad libitum-fed animals during the light cycle, the plasma ghrelin level in TgGhrelin-SV40-T mice (6.1 ± 0.3 ng/mL) was 25-fold higher than that in WT littermates (0.24 ± 0.02 ng/mL) (Fig. S1D) . Similarly, the plasma des-acyl ghrelin level (16.3 ± 0.5 ng/mL) was 37-fold higher than that of WT littermates (0.44 ± 0.01 ng/mL) (Fig. S1D) . Despite the sustained increase in plasma ghrelin levels, body weights in the TgGhrelin-SV40-T mice were indistinguishable from those in WT animals up to 20 wk of age (Fig. S1E) . Moreover, we observed no differences in food intake between the two groups of mice studied in metabolic cages at 16 wk of age.
By 24 wk of age, all 22 of the autopsied TgGhrelin-SV40-T mice exhibited visible gastric tumors ( Fig. S1F ) and thickened gastric epithelium (Fig. S1G) . Eleven of the mice also had tumors in the pancreas, 10 had tumors in the kidney, and 7 had tumors in the liver. All 7 of the mice with liver tumors had a tumor in the stomach plus a tumor in either the pancreas or the kidney. The liver tumors were multifocal, suggesting a metastatic origin.
Histologically, the gastric ghrelinomas consisted of sheets of neoplastic cells divided into smaller nests by a fibrovascular stroma ( Fig. S2 A-F) . The majority of the cells within the tumors were labeled with a riboprobe specific for ghrelin mRNA ( Fig. S2G) but not with the corresponding sense riboprobe (Fig. S2H ). Fig. S3 shows the histology of the pancreatic ghrelinomas. Many of the small-to medium-sized tumors contained surviving pancreatic islet cells, suggesting an islet origin ( Fig. S3 A and B) . The largest of the pancreatic tumors contained areas of hemorrhage and necrosis (Fig. S3A ). Occasional subcapsular infiltrates of neoplastic cells were found in the peripancreatic lymph nodes (Fig. S3C ).
Establishment of Ghrelinoma Cell Lines. We next set out to establish ghrelinoma cell lines from the pancreatic and stomach tumors. To minimize contamination by fibroblasts and other cell types, the tumors were not treated with trypsin. Instead, after the tumor capsule was removed, the tumor cells were obtained by mechanical dispersion and incubated at a high density (3 × 10 6 cells per 35-mm well). The ghrelinoma cells did not attach to the plastic. They were collected by centrifugation and resuspended in fresh medium every week. The medium was assayed weekly for des-acyl ghrelin levels. The adaptation process required about 3 mo, after which the level of des-acyl ghrelin in the medium was >20 ng/mL. The resulting pancreatic and stomach ghrelinoma cell lines are designated as PG-1 and SG-1, respectively.
As a first step in characterizing the newly derived ghrelinoma cell lines, we treated the PG-1 cells with octanoate and assessed the effects on the synthesis and secretion of ghrelin, as measured quantitatively with a double-antibody sandwich technique. In the absence of octanoate, little ghrelin was found in the cells (Fig. 1A) or medium (Fig. 1B ). After incubation with octanoate for 24 h, the cellular content of ghrelin was increased by 5-fold (from 11 to 54 pg/μg of cell protein), and the amount of ghrelin in the medium rose by more than 39-fold (from 6.7 to 264 pg/μg of cell protein). In contrast, octanoate did not alter the levels of des-acyl ghrelin in the cells (Fig. 1C) or the medium (Fig. 1D ). SDS/PAGE and immunoblotting analysis of cells and medium with antibodies specific for the two forms of ghrelin (17) showed bands consistent with the known molecular weights of the two peptides.
Whereas octanoate stimulated ghrelin synthesis ( Fig. 2A ) and secretion (Fig. 2B) , neither palmitate nor oleate had any effect. Des-acyl ghrelin levels in the cells (Fig. 2C) or medium (Fig. 2D) were not affected by treatment with any of the fatty acids. In all subsequent experiments, we included 50 μM octanoate in the culture medium to provide substrate for ghrelin synthesis.
Stimulation of Ghrelin Secretion in PG-1 and SG-1 Cells by β-Adrenergic
Agonists but Not by Peptide Hormones. Previous studies in rats showed that plasma ghrelin levels are increased by stimulation of the sympathetic nervous system (13, 14) . To determine whether this response persists in vitro, we treated the PG-1 cells with two adrenergic agonists, norepinephrine and epinephrine. Both agonists stimulated secretion of ghrelin (Fig. 3B ) and des-acyl ghrelin (Fig. 3D ) in a dose-dependent manner. At 1 μM, both agents produced a 2.5-fold increase in ghrelin secretion. At lower concentrations, norepinephrine was 6-fold more potent than epinephrine with one-half maximal stimulation occurring at 0.1 vs. 0.6 μM (Fig. S4) . The levels of ghrelin (Fig. 3A) and des-acyl ghrelin (Fig. 3C ) in the cells were decreased by each of these treatments, suggesting that adrenergic agents primarily stimulate ghrelin secretion without immediately increasing synthesis.
Inasmuch as epinephrine and norepinephrine stimulate the production of cAMP, we incubated the PG-1 cells with forskolin, a compound that directly activates adenylyl cyclase (18) . Forskolin stimulated ghrelin secretion in a fashion that mimicked the two adrenergic agonists (Fig. 3) . In contrast, neither muscimol (GABA A receptor agonist) nor carbachol (cholinergic receptor agonist) had any effect on the secretion of ghrelin in PG-1 cells (Fig. 3B) .
To determine the time course of stimulation, we treated the PG-1 cells with various agonists for 1, 3, or 6 h. Treatment with epinephrine, norepinephrine, or forskolin increased secretion of ghrelin and des-acyl ghrelin in a fashion that was linear with time. The levels of ghrelin (Fig. 4A ) and des-acyl ghrelin (Fig. 4C ) in the cells were initially decreased by the adrenergic agents, but the levels then stabilized, suggesting that these agents initially stimulate the secretion of ghrelin and des-acyl ghrelin and that this is followed by increased synthesis. Again, neither muscimol nor carbachol had any effect on ghrelin production.
Epinephrine and norepinephrine increase intracellular cAMP levels by binding to β-adrenergic receptors (19) . To confirm the role of these receptors, we treated PG-1 cells with norepinephrine in the presence of various receptor agonists and antagonists. In the presence of norepinephrine, atenolol (a selective β 1 -adrenergic receptor antagonist) lowered the secretion of ghrelin (Fig. 5B ) and des-acyl ghrelin (Fig. 5D) (Fig. 5 A and C) , consistent with a primary inhibition of secretion. In contrast, treatment with ICI118,551 (a selective β 2 -adrenergic receptor antagonist) had no effect on norepinephrine-stimulated secretion of ghrelin and des-acyl ghrelin. As expected, the norepinephrine-mediated increase of ghrelin secretion was not affected by treatment with muscimol, a GABA A receptor agonist, or carbachol, a cholinergic receptor agonist. Fig. 6 shows an experiment in which we treated PG-1 cells with 10 peptide hormones that regulate fuel metabolism or hormone secretion. At a concentration of 100 nM and an incubation time of 6 h, none of them affected the levels of ghrelin and des-acyl ghrelin in cells or in medium. Norepinephrine was included in the same experiment as a positive control.
All the studies thus far were carried out in the pancreatic PG-1 ghrelinoma cells. We repeated these studies with stomach SG-1 ghrelinoma cells and obtained similar results. Fig. S5 shows a representative experiment. As in PG-1 cells (Figs. 2 and 3) , secretion of ghrelin (Fig. S5A ) and des-acyl ghrelin (Fig. S5B ) in SG-1 cells was stimulated by epinephrine, norepinephrine, and forskolin but not by muscimol or carbachol. Likewise, insulin, insulin-like growth factor 1 (IGF-1), leptin, and glucagon did not have a discernible effect on the secretion of either ghrelin or des-acyl ghrelin in SG-1 cells (Fig. S5 C and D) . Table S1 shows an experiment in which we used quantitative real-time PCR to measure the expression levels of various hormones, hormone receptors, adrenergic receptors, and neuroendocrine markers in PG-1 and SG-1 ghrelinoma cells. For controls, we also measured the mRNA levels of the same genes in stomachs from WT and TgGhrelin-SV40-T mice. Inasmuch as ghrelin-secreting cells represent only a small proportion of stomach cells, we would expect that any mRNA that is selectively expressed in ghrelin-secreting cells should show a relative increase in the tumor cells as compared with whole stomach. Compared with stomach from WT mice, the PG-1 cells and SG-1 cells showed a 5.5-to 7.7-fold and 13.4-to 13.8-fold increase in the mRNA levels of preproghrelin and GOAT, respectively (Table S1 , experiment A). These increases were similar to the corresponding 7.1-and 8.3-fold increases seen in the stomach ghrelinoma from a TgGhrelin-SV40-T mouse. Compared with stomach from WT mice, the PG-1 and SG-1 cells expressed very high levels of β 1 -adrenergic receptor (138-to 416-fold increases, respectively) but low to undetectable levels of β 2 and β 3 subtypes, further supporting the notion that norepinephrine stimulates ghrelin secretion in PG-1 and SG-1 cells via the β 1 -adrenergic receptor (Figs. 2 and 3 and Fig. S5 ). The PG-1 and SG-1 cells also expressed high levels of mRNA-encoding neuroendocrine proteins, including prohormone convertases PC1/3 and PC2; chromogranin A; and secretogranin II, III, and V. Neither PG-1 nor SG-1 cells showed detectable expression of genes encoding pancreatic islet hormones, including insulin, preproglucagon, pancreatic polypeptide, and somatostatin (Table S1 , experiment B). Table S2 shows an experiment in which we used quantitative realtime PCR to measure expression of various adrenergic receptors in ghrelin-enriched (GFP + ) and nonenriched (GFP − ) gastric mucosal cells. Gastric mucosal cells from mice harboring a transgene encoding GFP driven by the mouse preproghrelin promoter (15) were separated by FACS as previously described (20) . Compared with nonenriched gastric mucosal cells, the ghrelin-enriched cells showed increases in the mRNA levels of preproghrelin (8,870-fold) and GOAT (90-fold), as expected. The ghrelin cell-enriched population also expressed very high levels of β 1 -adrenergic receptors (59-fold increase). Of the eight other adrenergic receptors examined in PG-1 and SG-1 cells, the only one that showed enrichment was the mRNA for the α 1B receptor (37-to 65-fold increase). This increase did not appear to be functionally significant in that a α 1 -selective agonist (methoxamine) and a α 1 -selective antagonist (prazosin) (16) did not affect secretion of ghrelin or des-acyl ghrelin in PG-1 cells (Table S3) . Moreover, the mRNA for the α 1B receptor was not detected in the FACS-separated ghrelin cells from the transgenic mice (Table S2 ).
In Vivo Role of Sympathetic Nervous System in Fasting-Induced Ghrelin Secretion. We next sought to determine whether adrenergic activity is essential for the rise in plasma ghrelin induced by fasting. In initial experiments, we depleted the sympathetic nervous system of catecholamines by treating mice with reserpine. This agent did not affect plasma ghrelin levels in fed animals (Fig. 7A) . However, reserpine completely blocked the increase in plasma ghrelin (Fig. 7A ) and des-acyl ghrelin (Fig. 7B) that was induced by a 24-h fast. To determine whether the adrenergic response is mediated by β 1 -adrenergic receptors, we treated mice with atenolol, the selective β 1 -antagonist. As a control in the same experiment, we treated mice with ICI118,551, a selective antagonist of β 2 -adrenergic receptors. Even in the fed state, atenolol lowered plasma levels of ghrelin (Fig. 7C ) and des-acyl ghrelin (Fig. 7D) . Moreover, atenolol abolished the increase in both peptides that was induced by fasting ( Fig. 7 C and D) . ICI118,551 had none of these effects.
Discussion
The current studies were designed to further our understanding of the mechanisms underlying the large changes in plasma ghrelin levels that are associated with circadian rhythms and fasting. Understanding of the molecular mechanisms that control ghrelin secretion has been hampered because ghrelin-secreting cells make up only a tiny fraction of cells in the gastric mucosa. Accordingly, our first step was to prepare a transgene that employs the preproghrelin promoter to drive expression of the SV40 T-antigen. The resulting mice developed gastric and pancreatic tumors that were composed of ghrelin-secreting cells. These experiments followed the precedent set by Hanahan and colleagues (21) (22) (23) (24) , who used a similar strategy to produce insulinomas, glucagonomas, and carcinoid tumors as well as cell lines derived from these tumors. The ghreli- On day 0, PG-1 cells were set up in medium A with 10% FBS. On day 2, octanoate was added to the medium at a final concentration of 50 μM. On day 3, cells were centrifuged, resuspended in serum-free medium B with 50 μM octanoate, aliquoted into 24-well plates (5 × 10 4 cells per well), and treated with 100 nM of the indicated peptide hormone. Norepinephrine (Norepi., added at 10 μM) was included as a positive control. After incubation at 37°C for 6 h, the medium and cells from each well were harvested for measurement of ghrelin (A and B) and des-acyl ghrelin (C and D). Each bar represents the mean ± SEM of three incubations. GRP, gastrin-releasing peptide.
nomas that we produced were used as a source from which to prepare lines of immortalized tissue culture cells that secrete ghrelin.
When studied in tissue culture, both the pancreatic and gastric ghrelin-secreting tumor cells exhibited the features expected of neuroendocrine cells. As shown in Table S1 , their mRNAs were enriched for components of the secretory pathway, including chromogranins, secretogranins, and prohormone convertases. There was little difference between SG-1 cells obtained from stomach tumors and PG-1 cells obtained from pancreatic tumors (Table S1 , experiment A). The cells were enriched in the mRNAs encoding preproghrelin and GOAT, but there was no enrichment for a variety of peptide hormone receptors (i.e., receptors for growth hormone, glucagon, leptin, IGF-1, insulin) (Table S1 , experiment A). There was also no enrichment in the mRNAs for the classic pancreatic islet hormones (i.e., insulin, preproglucagon, somatostatin) (Table S1 , experiment B). Notably, cells from stomach and pancreatic tumors were highly enriched in the mRNA encoding the β 1 -adrenergic receptor (138-to 416-fold increase), as were FACS-separated gastric ghrelin cells isolated from transgenic preproghrelin-GFP mice (Table S2) .
The cultured ghrelinoma cells required exogenous octanoate to secrete appreciable amounts of ghrelin (Fig. 1) . Long-chain fatty acids such as oleate and palmitate failed to substitute for octanoate (Fig. 2) . These findings are consistent with previous whole-animal data indicating that ghrelin secretion is dependent on an exogenous source of octanoate (25) . It appears that the ghrelin-secreting cells cannot synthesize octanoate de novo, nor can they shorten longchain fatty acids.
The most important finding in the current study was the specific stimulation of ghrelin secretion by the adrenergic hormones norepinephrine and epinephrine (Figs. 3 and 4) . Previous studies have shown that ghrelin secretion rose in vivo in response to stimulation of sympathetic nerves (13, 26) or by local infusion of adrenergic hormones into the stomach lining (14) . Epinephrine i.v. infusion did not increase plasma ghrelin, suggesting that local release is important (13) . The current findings are consistent with these results and demonstrate that the adrenergic agents act directly on β 1 receptors in ghrelin-secreting cells.
Activation of the β 1 receptor triggers an increase in cAMP levels. Indeed, the adrenergic effect on the ghrelinoma cells was mimicked by forskolin, an activator of adenylyl cyclase (18, 19) . The effect was antagonized by atenolol, a selective β 1 blocker. These findings are consistent with the demonstration that the ghrelin-secreting cells are markedly enriched in the mRNA encoding the β 1 receptor. Additional evidence for β 1 involvement was the observation that norepinephrine was 6-fold more potent on a molar basis than epinephrine in stimulating ghrelin secretion (Fig. S4) , a finding consistent with the differential affinities of the β 1 receptor for these agents (27) .
We confirmed the role of β 1 receptors in vivo by administering atenolol to mice (Fig. 7 C and D) . This agent prevented the increase in plasma ghrelin that normally follows a 24-h fast. Depletion of neuronal catecholamines with reserpine also prevented the increase of ghrelin on fasting (Fig. 7 A and B) . In as much as reserpine does not affect adrenal catecholamines (16) , the reserpine blockade is consistent with the notion that fasting acts through the sympathetic nervous system to release catecholamines in proximity to the ghrelin-secreting cells. In vivo, the sympathetic neurotransmitter is primarily norepinephrine rather than epinephrine (16) , consistent with the role of β 1 receptors as the relevant adrenergic receptor subtype in ghrelin-secreting cells.
The aforementioned data provide strong support to the idea that the fasting-induced elevation in plasma ghrelin is produced by locally released norepinephrine acting directly on ghrelin-secreting cells through the β 1 receptor. The sympathetic nervous system is also likely to mediate the ghrelin elevation observed in several models of acute or chronic stress (reviewed in ref. 28) . Inasmuch as atenolol is a commonly used β-adrenergic agent in humans, it should be possible to determine whether this agent blocks the rise in plasma ghrelin that is known to be induced by fasting or in various settings of stress. If so, atenolol might prove useful in probing the physiologic function of ghrelin in humans.
In the current studies, we did not seek to characterize the effects of chronic ghrelin elevations on metabolic parameters in the tumor-bearing mice. We did note that the body weights of these mice were the same as those in control mice despite the massive elevation in plasma ghrelin (Fig. S1 ). This result differs from that reported by Iwakura et al. (29) , who also used the SV40 T-antigen to create mice bearing ghrelinomas. These researchers found that the body weights in their mice with ghrelinomas were slightly reduced in association with a slight reduction in food intake. We failed to see this difference even though the plasma levels of ghrelin in our mice were somewhat higher than those studied by Iwakura et al. (29) (6.1 ng/mL in the Dallas mice as compared with 1 ng/mL in the Kyoto/Osaka mice at 16-18 wk of age). Body weight changes are difficult to interpret in ghrelinoma-bearing mice because body weight likely reflects a balance between cancer-related cachexia and ghrelin-stimulated appetite. In preliminary studies, we did find elevated fasting plasma glucose levels in our mice, which agrees with the finding reported by Iwakura et al. (29) .
Recently, Iwakura et al. (30) also reported the establishment of ghrelin-secreting cell lines from their ghrelinoma-bearing mice. There are two main differences between our results and theirs. First, Iwakura et al. (30) did not study the effects of adrenergic agents on ghrelin secretion. Second, our ghrelinoma cell lines are grown under different conditions than the MGN3-1 cells of Iwakura et al. (30) . Our PG-1 and SG-1 cells are grown in suspension culture in the absence of a feeder layer, whereas the MGN3-1 cells are cultured on a feeder layer of mitomycin C-treated embryonic fibroblasts. The PG-1 cell line has been grown continuously for more than 100 generations, and aliquots have been frozen in liquid nitrogen for more than 8 mo without a change in either growth properties or β-adrenergic stimulation of ghrelin secretion. PG-1 [A 10-fold lower dose of ICI118,551 relative to atenolol was used because of ICI118,511's 550-fold higher affinity for β 2 than β 1 receptor (31)]. On day 2, blood samples were obtained at 10:00 AM from all mice (ad lib-Fed), after which the same mice were fasted for 24 h. On day 3, mice were euthanized at 10:00 AM, and blood was collected (Fasted). The blood samples were used for measurement of levels of plasma ghrelin (A and C) and des-acyl ghrelin (B and D). Each value represents the mean ± SEM of data from four mice. Asterisks denote the level of statistical significance (Student's t test). *P < 0.05; ***P < 0.001.
